High-quality and low cost bulk crystals are needed in the field of group III nitride semiconductors in order to develop optical and electrical devices. Research and development of the growth of crystals using large and small seed crystals by the Na flux method has been carried out to grow large-diameter and high-quality bulk GaN crystals. With current technologies, four-inch GaN wafers can be formed from large seed crystals, and dislocation-free bulk shape GaN crystals with a diameter of 2 cm and a height of approximately 1.2 cm can be grown from small seed crystals. To enlarge the diameter of bulk shape GaN crystals, we have developed the coalescence of GaN crystals from many isolated small seeds. In this paper, we report the progress in the development of Na flux growth method for GaN crystals. Blue light-emitting diodes (LEDs) were first realized using a buffer layer deposited at a low temperature 1 and p-type GaN crystals, 2 both of which were developed by Akasaki, Amano, and colleagues. After these discoveries, GaN-based semiconductors are used for not only blue LEDs, but also semiconductor lasers and electronic devices such as high-frequency power devices. High-quality and low cost bulk crystals are needed in the field of GaN in order to enhance device performances. Some approaches such as hydride vapor phase epitaxy (HVPE), 3-5 high pressure solution growth, 6-8 ammonothermal growth, 9-11 and Na flux methods [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] have been developed to realize the bulk GaN crystals. HVPE method is the most common technique accepted in the industry because of its high growth rates (>200∼300 μm/h). Although GaN substrates fabricated by HVPE method have been used for laser diodes and high power light emitting diodes, problems in the crystal quality and the cost still remain unresolved.
Blue light-emitting diodes (LEDs) were first realized using a buffer layer deposited at a low temperature 1 and p-type GaN crystals, 2 both of which were developed by Akasaki, Amano, and colleagues. After these discoveries, GaN-based semiconductors are used for not only blue LEDs, but also semiconductor lasers and electronic devices such as high-frequency power devices. High-quality and low cost bulk crystals are needed in the field of GaN in order to enhance device performances. Some approaches such as hydride vapor phase epitaxy (HVPE), [3] [4] [5] high pressure solution growth, [6] [7] [8] ammonothermal growth, [9] [10] [11] and Na flux methods [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] have been developed to realize the bulk GaN crystals. HVPE method is the most common technique accepted in the industry because of its high growth rates (>200∼300 μm/h). Although GaN substrates fabricated by HVPE method have been used for laser diodes and high power light emitting diodes, problems in the crystal quality and the cost still remain unresolved.
In order to realize bulk GaN crystals in the form of boule like bulk Si crystal, the development of liquid-phase growth technique of GaN crystal is essential. In 1997, Yamane has developed Na flux method by which GaN crystal could be grown in a Ga-Na mixed solution at relatively low pressure of nitrogen atmosphere (<50 atom) and at lower temperature range of 700∼900 deg.C 12 compared with high-pressure solution growth method. This method has a significant advantage in synthesizing high quality GaN crystal through spontaneous nucleation process with very simple equipment. It had been, however, difficult to grow GaN crystal of large size with moderate growth rate at the beginning stage of the research because of the difficulty in controlling the nucleation. For the control of the nucleation process of GaN crystals in Na flux method, we have developed liquid phase epitaxy (LPE) method for restricting the nucleation site on the seed, 14, 15 and doping of carbon into solution for suppressing spontaneous nucleation on any area other than the seed. 23 In this article, we report the recent progress on growth of GaN crystals by Na flux method. We have used large and small seed crystals in order to grow large-diameter and high-quality bulk GaN crystals, respectively. We also describe our new approach to grow high quality large GaN crystal by the coalescence of GaN crystals from many isolated small seeds.
Mechanism of Na Flux Method
GaN crystals cannot be directly grown from a melt unlike Si crystals because congruent melt of GaN does not exist under normal pressure. A high pressure of 6 GPa and a high temperature of 2,200
• C are required to grow GaN crystals from a melt. The high-pressure z E-mail: mori.yusuke@eei.eng.osaka-u.ac.jp solution growth (HPSG) method, by which nitrogen is dissolved into a Ga melt at 1 GPa and approximately 1,500
• C to grow GaN crystals, has been studied as the simplest liquid-phase GaN crystal growth method. [6] [7] [8] Although high-quality GaN crystals with a dislocation density of 10 2 /cm 2 or lower can be obtained by HPSG method, it is very difficult to grow a large quantity of GaN crystals with a large crystal size because of the limitations of the equipment. Yamane et al. at Tohoku University found that high-quality GaN crystals could be grown at a nitrogen gas pressure of 2-3 M Pa at 750
• C when Na was dissolved into a Ga melt. 12 This method is referred to as the Na flux method.
In the Na flux method, nitrogen is dissolved into a Ga-Na melt at a reasonably low temperature using the effect of Na. Here, we explain why the solubility of nitrogen increases when Na is dissolved into a Ga melt. Figure 1 shows the dependences of the solubility of nitrogen at 800
• C and 3 MPa on the ratio of Ga to Na obtained both experimentally and by first-principles calculation, as well as schematics of the bonding states of the elements. When the percentage of Ga is high, nitrogen is not stabilized and its solubility is low because the Ga-Ga bonding is strong and Ga hardly interacts with nitrogen. The solubility of nitrogen is also low for a Na melt because Na is not bonded to nitrogen. At an appropriate ratio of Ga to Na, in contrast, some Ga atoms become isolated, making them unstable. The isolated Ga atoms interact with nitrogen, increasing the solubility of nitrogen. Thus, the solubility of nitrogen increases owing to the effect of Na on promoting the isolation of Ga atoms. From Fig. 1 , the solubility of nitrogen is the greatest when the Ga content is 20-30 mol%. This method has a significant advantage in synthesizing high quality GaN crystal through spontaneous nucleation process with very simple equipment. It had been, however, difficult to grow GaN crystal of large size with moderate growth rate at the beginning stage of the research because of the difficulty in controlling the nucleation. For the control of the nucleation process of GaN crystals in Na flux method, we have developed liquid phase epitaxy (LPE) method for restricting the nucleation site on the seed, 14, 15 and doping of carbon into solution for suppressing spontaneous nucleation on any area other than the seed. 25 
Growth of GaN Crystal on a Large Seed GaN Crystal
The 2∼4-in-diameter GaN crystal grown by HVPE was used as the seed crystal. The apparatus for growth of GaN crystal consists of pressure resistant chamber and resistive heater inside the chamber. The detailed growth equipment is described elsewhere. 25 The seed crystal was placed at the bottom of an alumina crucible, and then starting materials of metallic Ga (purity: 6N), metallic Na (purity: 4N), and graphite grains (purity: 6N) were added to the crucible in an Ar-filled glove box. The ratio of carbon content to the total Ga/Na amount was around 0.5 mol%. Starting compositions of the Ga : Na was 30:70. The temperature and N 2 pressure in the furnace were maintained at 870 deg.C and 3.2 MPa, respectively. The solution flow in the growth crucible placed in the chamber can be introduced by the seesaw motion of the chamber. 19, 20 The seesaw motion provides flow with well-defined pattern and can increase flow velocity up to 2 cm/s, a 30 times increase from that without motion. The flatness and uniformity of the grown GaN surface depends on the flow velocity and flow uniformity on the growing surface. Although the growth condition is not optimized yet, we could grow 2∼4-in-diameter GaN crystals on HVPE substrate with high uniformity without cracks as shown in Fig. 2 .
26,28,29 Figure 3 shows a photograph of a typical GaN crystal grown by Na flux LPE method on HVPE substrate. Both sides of the crystal were polished to the thickness of 750 μm to remove the HVPE substrate. The transmission spectrum shows the absorption edge of the GaN crystal at 372 nm and no absorption peaks were observed. Roughly estimated optical absorption coefficient of such specimen is about 0.27 cm −1 , which is similar to that of HVPE-GaN crystal. Tables I and II summarize the electrical characteristics and the results of analyzing the impurities in GaN crystals grown by the Na flux method, respectively. GaN crystal grown by the Na flux method showed relatively low resistivity around sub Wcm without any intentional doping. 
Growth of GaN Crystals from Small GaN Seeds
In this section, we report GaN growth on small GaN seeds. As is obvious from the cases of Si and oxide crystals, it is generally advantageous to use small seed crystals for reducing the dislocation density and growing high-quality crystals. Figure 4 shows a bulk GaN crystal grown from small seed crystals by doping a small amount of Ba into a Ga-Na melt. The doping of Ba and/or Sr into the melt was to control the crystal shape to form a hexagonal column from a hexagonal pyramid. 30, 31 When the crystal shown in Fig. 4 was cut and polished to evaluate the dislocation density by cathodluminescence (CL), no dislocations were observed. This indicates that very highquality GaN crystals can be grown from small seed crystals. 30, 31 The crystal in Fig. 4 appears colored. Although the reason of this coloring is not clarified yet, it is possible to obtain transparent GaN crystal from small seeds by Ca-Li doping into growth solution, as shown in Fig. 5 . 32 Moreover, a bulk GaN crystal with a diameter of over 2 cm and a height of approximately 1.2 cm was obtained in an undoped system, as shown in Fig. 6 .
Coalescence Growth of GaN Crystals by Na Flux Method
We have shown that dislocation-free GaN crystals could be grown on a GaN small seed by the Na flux method. To enlarge the diameter of dislocation-free GaN crystals, we propose the coalescence of GaN crystals grown from many isolated small seeds. First of all, we tried to grow GaN crystals from two GaN seeds arranged along mand a-directions of GaN. Pyramidal-shaped and well-faceted GaN crystals could be grown on the two small seeds. The crystals were sliced at heights of 1 and 2 mm from the bottom surface to investigate changes in morphology, dislocation density, crystallinity, and orientation around the coalescence boundary during growth. Figures 7a and 7b show bird's eye SEM images of the crystals grown via a-direction and m-direction coalescences, respectively, after slicing parallel to the c-face. From Figs. 7a and 7b, voids existed at the boundary of m-direction coalescence, while no voids were observed at the boundary of a-direction coalescence. The CL and XRD measurements revealed that two GaN crystals grown from two small seeds arranged along the a-direction coalesced without generating dislocations at the coalescence boundary, and the c-axis misorientation between two crystals around the coalescence boundary gradually diminished as the growth proceeded. 33 For large diameter GaN crystal growth by coalescence, we are attempting to use periodical arranged multiple small seed crystals as shown in Fig. 8 . Figure 9 shows 2-in-diameter GaN crystal grown on this multiple small seed crystals. This GaN crystal with XRD has full-width at half-maximum values for (10-12) of ∼17 arcsecond with relatively large spot size of incident X-ray beam (10 × 3.2 mm 2 ). These results indicate that coalescence growth may become a key technique for fabricating large-diameter dislocation-free GaN crystals.
Conclusions
In this paper, we reported the recent advances in the growth of GaN crystals by Na flux method. 2∼4-in-diameter GaN crystals were grown on the large GaN seed crystal with high quality by the forced induction of solution flow. In the case of the growth on a small GaN seed, GaN crystal with the size of >20 mm in the diameter and >10 mm in height could be obtained. No dislocations could be observed by the CL measurement from the GaN crystal grown on the small seed crystal. It is possible to coalesce GaN crystals grown from isolated small seed crystals without generation dislocations at boundary. The coalescence growth of GaN crystal from periodical arranged multiple small seed crystals seems to become a key technique for fabricating large-diameter high quality GaN crystals.
